Force-controlled spatial manipulation of viable mammalian cells and micro-organisms by means of FluidFM technology
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The ability to obtain information at the single-cell level is becoming of central importance for numerous biological questions and represents a major challenge. 1 Innovative technologies are required to address individual cells, whereby to "address" has to be conceived in broad manner ranging from displacement to injection up to downstream analysis.
In the present work we will focus on the controlled spatial displacement of single cells. Already 20 years ago, Ashkin et al. pioneered the development of the optical tweezers as a mean to manipulate biological objects. [2] [3] [4] [5] [6] [7] Exploiting the trapping forces due to the radiation pressure through intense and collimated lasers 8, 9 viruses, bacteria as well as cellular organelles could be displaced in a controlled way. However, optical tweezers might damage cells, [10] [11] [12] and are not appropriate for detaching adherent, spread cells from surfaces. The latter also holds for glass micropipettes, [13] [14] [15] the oldest instrument to manipulate single organisms.
Atomic force microscope ͑AFM͒ ͑Ref. 16͒ can provide the required force feedback in the piconewton range for gentle and accurate manipulation compared to the micronewton range 17 of glass micropipettes. With respect to the manipulation of organisms, it is already widely employed for a bright spectrum of adhesion experiments. [18] [19] [20] [21] [22] [23] So far AFM has not been used for displacement experiments because organisms are readily attached to the underside of the AFM cantilever preventing their release onto another position of the substrate. The development of the FluidFM technology 24 combining the precise AFM force feedback with nanofluidics via an incorporated microchannel directly in the cantilever opens novel strategies for the spatial manipulation of biological objects. The microchannel inside the cantilever ends with a submicron aperture at the apex of the pyramidal tip while the other end leads to a reservoir. By fixing the chip against the hollow probeholder, a continuous fluidic path is obtained connecting the tip aperture with the reservoir which in turn can be connected to a pressure controller. Due to the closed fluidic path, the technique can also be used in a completely liquid environment as required in biology.
In this study, we demonstrate an unprecedented way of spatially manipulating individual cells. We take advantage of the unique features of the FluidFM technology: On the one hand the AFM force feedback control for a safe and quick approach onto the biological object of interest, and on the other hand the possibility to apply controlled pressure differences to "grasp" the cells ͓Figs. 1͑a͒ and 1͑b͔͒, whereby different types of tip apertures can be used. The object is lifted up and moved to a chosen predefined position where the force feedback control is activated again to reengage the surface and a short overpressure pulse is administered to release the object ͓Figs. 1͑c͒ and 1͑d͔͒.
We used a custom built AFM platform inspired by a work of the Gaub's group. 25 All the noncustom components ͑laser, photodetector, z-piezo, and stepper-motor͒ were pura͒ Electronic mail: zambelli@biomed.ee.ethz.ch. chased from Thorlabs ͑Germany͒ and operated by a single controller unit via LabView based software. 26 The AFM thereby adjusts the position only in the z direction whereas movement on the x-y plane is achieved with micrometric screws mounted on the optical microscope stage. A new generation of hollow AFM cantilevers [27] [28] [29] [30] [31] were especially designed for displacement experiments having the aperture directly on the underside of the cantilever close to its end ͑blunt cantilevers, Fig. 2͑a͒ , Cytosurge, Switzerland͒. The hollow cantilever with an integrated microchannel and a fluidic reservoir, was microfabricated in a wafer-scale process similar to the one proposed by Deladi et al. 27, 32 The fabrication process is based on silicon surface micromachining and bulk glass micromachining by powder blasting. The process starts on a silicon substrate coated by a silicon nitride layer. In this layer a microscale opening that will later serve as an aperture at the tip of the microchanneled cantilever is defined by reactive ion etching ͑RIE͒. Next, a sacrificial polysilicon layer is deposited and patterned to form the layout of the microchannel. The patterned polysilicon layer was then encapsulated by deposition of another silicon nitride layer. After the encapsulation, the cantilever beams and a relatively large inlet on the opposite end of the prospective microchannel were formed by RIE of the top silicon nitride layer. In the next fabrication step, a glass wafer, in which holes connecting both wafer sides ͑through holes͒ are powder-blasted, was aligned and anodically bonded to the silicon substrate. The glass wafer thereby also serves as the mechanical support for the cantilever and the microchannels. It holds the through holes too that serve as the inlet reservoirs. After the bonding, the wafer-stack was immersed into a silicon etchant ͑TMAH͒ to completely release the cantilevers and at the same time to empty the microchannels by removing the sacrificial polysilicon layer through the inlet holes and the cantilever aperture. The basic fabrication sequence can be slightly modified in order to substitute the aperture at the end of the cantilever with a double tube-like tip, as the one in Fig. 2͑b͒ . 26 To prove the validity of our strategy and the versatility of our system we carried out displacement experiments with three different kinds of viable cells: mammalian cells ͑neu-rons with a typical size of ϳ20 m͒, yeasts ͑Saccharomyces cerevisiae, with a typical diameter of ϳ8 m͒, and bacteria ͑Escherichia coli with a typical length of ϳ3 m and a diameter of ϳ1.5 m͒. Figure 3͑a͒ is a brightfield image of S. cerevisiae adsorbed on a glass slide in 0.9% NaCl after the manipulation procedure. As typical for budding yeasts, S. cerevisiae are often found as couples of mother and daughter ͑bud͒ cells. The hollow cantilever was filled with 0.9% NaCl, optically positioned over a budding yeast cell and approached in contact mode taking advantage of the AFM force feedback. Once the cantilever was in contact with the cell, an underpressure of ϳ50 mbar was applied in the fluidic channel by means of a 10 ml syringe. As a consequence, the cell was sucked against the channel aperture. It was then lifted by retracting the cantilever with a stepper motor and displaced in the x-y plane with the micrometric screws of the microscope stage over the optically chosen new position. It was deposited onto the substrate with an AFM approach in contact mode and finally released by applying a short overpressure pulse with the syringe while retracting the piezo. Serial manipulations were possible using a single cantilever.
For the displacement of bacteria another tip design was used consisting of two concentrically cylinders separated by ϳ1 m ͓Fig. 2͑b͔͒. The gap was small enough so that bacteria remain on the base of the internal cylinder instead of being aspired into the microchannel ͓inset of Fig. 3͑b͔͒ . Bacterial motility on the substrate was hindered by a poly͑L-lysine͒ coating of the glass slide, whereas the cantilever was functionalized with a layer of poly͑L-lysine͒-g-poly͑ethylene glycol͒ ͑PLL-g-PEG͒, a polymer known for its simplicity and effectiveness in resisting the absorption of biomolecules. 33 Figure 3͑b͒ shows five E. coli cells spatially displaced one after the other in order to be arranged along a virtual line.
The same manipulation scheme could be applied to adherent, spread mammalian cells as demonstrated in Fig. 4 . The external and internal surfaces of the channeled cantilevers were functionalized with PLL-g-PEG, the glass slide with fibronectin while the channel was filled with phosphatebuffered saline. Figure 4͑a͒ shows two interconnected neuronal cells by a tubular structure ͑neurite, light arrow͒. After being sucked against the 6 m aperture of a blunt cantilever ͑dashed circle͒, one neuron was detached from the glass slide ͓Fig. 4͑b͔͒, displaced on the x-y plane ͓Fig. 4͑c͔͒, and redeposited onto the substrate ͓Fig. 4͑d͔͒. Curiously, the neurite remained intact during the manipulation so that the transmitted traction resulted in a partially detachment the other neuron and loosening of one anchor point ͑dark arrow͒. Neurons were kept attached to the aperture by applying a continuous underpressure of ϳ300 mbar. From corresponding deflection vs. distance curves 34 it was inferred that a force of roughly 1.0Ϯ 0.3 N had to be overcome to detach neurons in such conditions which is in the range of nano to microNewton reported in the literature. 35, 36 With this procedure, cell displacement is also feasible from one glass slide to another one or onto an agar medium, achievement precluded to optical tweezers. Organisms re- After proving the force-assisted spatial displacement of viable cells, we verified that the manipulation does not damage them by monitoring their reproduction activity.
In conclusion, we have shown that the FluidFM technology is suitable to carry out spatial manipulation of individual viable eukaryotic and prokaryotic cells. Cells are aspirated to the aperture at the end of the microchanneled cantilever by applying an underpressure so that they can be released at the new position simply upon reverse application of an overpressure pulse. The displacement procedure is supported by the AFM force-feedback ensuring that it can be carried out in a serial fashion and that the organisms are not damaged during the manipulation. Applications are to be contemplated in several different directions. Individual cells can be placed in particular regions ͑e.g., microwells͒ of a substrate for singlecell PCR amplification or neurons onto nodal points of electrical circuits for investigations of neuronal networks. Cells can also be selected from environmental samples and deposited individually for clonal reproduction. Furthermore, cells can be attached to the end of a cantilever in a simple and straightforward way for cell-adhesion AFM experiments circumventing the need for often extremely time-consuming biochemical functionalization. P.D. and P.S. equally contributed to this work. We are indebted to Martin Erdmann ͑LMU Munich, Germany͒ and Jérôme Polesel Maris ͑CEA Saclay, France͒ for fruitful discussions concerning the design of a custom AFM, to Dominik Textor and the students of the PPS and Gruppenarbeit "Let's build our own bioAFM!" ͑Filipe Barata, David Handschin, Michael Kleint, Konstantin Kunz, Lisa Meier, Stefan Schneider, and Thomas Walti, ETH D-ITET͒ for the development of the custom-built AFM platform, and finally to Stephen Wheeler and Martin Lanz ͑ETH LBB workshop͒ for technical support. FIG. 4 . ͑Color online͒ Sequential brightfield images of the spatial manipulation of a NG108 neuroblastoma cell on a glass slide coated with fibronectin. ͑a͒ Two neuronal cells interconnected by a neurite ͑light arrow, while the dark arrow indicates an anchoring projection͒; ͑b͒ detachment of one cell which is aspirated at the cantilever aperture ͑dashed circle͒; ͑c͒ x-y cell displacement; ͑d͒ cell redeposition on the glass slide. In ͑b͒ and ͑c͒ the optical focus is set on the detached cell. Force-controlled approach and aspiration took only few seconds each, while the delicate 30 m lift-up took 5 min as the stepper motor was operated with steps of 100 nm per second.
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